INTRODUCTION {#sec01}
============

The rock bream, *Oplegnathus fasciatus*, and olive flounder, *Paralichthys olivaceus*(Temminck et Schlegel), are economically important species in the Korean aquaculture industry, and their hatcheries are often built in conjunction with other hatcheries. Because the rock bream and olive flounder are often used in raw and sliced fish signature dishes, the demand for them confers high commercial values ([@B27]; [@B1]).

Most fish undergo periods of starvation during wintering, spawning, migration, and regional reductions in their food resources. However, fish can overcome starvation with biochemical, physiological, and behavioral strategies. The endogenous energy from basic metabolic stores is spent as the fish consume their own tissues to remain alive during starvation ([@B32]; [@B21]; [@B27]). Consequently, a number of integrated biochemical and physiological changes have evolved in response to starvation. These contribute to a reduction in energy requirements, the preservation of protein (lean tissue) mass, the maintenance of an ongoing supply of glucose to the tissues (e.g., the nervous system), red blood cells (RBC), and the renal medulla ([@B18]).

The typical physiological stress response is generally independent of the type of stressor and includes rapid increases in plasma cortisol and glucose, and frequently a delayed reduction in electrolytes and osmotic pressure ([@B11], [@B12]). Stress has been described as an energy drain ([@B4]), often resulting in the diversion of energy from growth to catabolic uses. The quantitative aspects of the physiological changes induced by stress depend on the acclimation temperature and the intensity and duration of the stress ([@B11]; [@B13]). Culture practices that limit stress responses improve the survival and growth of the fish because these responses can increase disease susceptibility, reduce osmoregulatory capacity, reduce growth, and generally disrupt homeostasis ([@B14]; [@B4]).

Growth is largely a function of protein biosynthesis, a process in which RNA plays a key role. Protein turnover is linked to dynamic changes in RNA, with a strong bearing on fish robustness ([@B25]). [@B8], [@B9], [@B7]) has demonstrated that the RNA/DNA ratio is a useful indicator of the nutritional condition and growth rates of larvae in the winter flounder, *Pseudopleuronectes americanus*, the cod, *Gadus morhua*, and the sand lance, *Ammodytes americanus*. Nucleic acids play a major role in growth and development. The amount of DNA is stable under changing environmental conditions and has been used as an indicator of biomass and cell number ([@B29]; [@B16]). RNA is directly involved in protein synthesis. Consequently, the relationship between RNA and DNA is an index of the cell's metabolic intensity and has been shown to be sensitive to feeding levels ([@B10]). To shed more light on this issue, we analyzed the effects of starvation on the physiological characteristics and RNA/DNA ratios of the rock bream and olive flounder.

MATERIALS AND METHODS {#sec02}
=====================

The rock bream*, Oplegnathus fasciatus* (standard length \[SL\] ± SD: 15.9 ± 0.76 cm; body weight \[BW\] ± SD: 164.6 ± 32.21 g), and olive flounder, *Paralichthys olivaceus*(SL: 22.9 ± 0.88 cm; BW: 100.7 ± 11.67 g), were caught and transported to the Fishery Genetics and Breeding Science Laboratory of the Korea Maritime University, Korea, for the experiment. The feeding and starvation experiment began in August, 2011, and lasted for 12 weeks. Three experimental groups were established: the initial control group, the fed group, and the starved group. For two weeks before the experiment, all the fish were fed daily with commercial feed (E-Wha Oil & Fat, Busan, Korea; 50% crude protein, 8% crude fat, 4% crude fiber, and 15% ash) until they stopped eating. During the experiment, the fed group was hand fed three times daily at 4 h intervals. The fed group received food *ad libitum*, whereas the starved group was fasted for eight weeks.

A water recirculation system was used, in which 20 individuals were housed in a 1.1 ton fiber-glass-reinforced plastic circular tank (118 cm diameter × 100 cm depth). Each experimental group was cultured in two tanks. Light was provided with four 40 W fluorescent bulbs controlled by an electric timer, which maintained the photoperiod on a 14 : 10 light : dark cycle. No lights were used during the dark period. The water temperature was controlled automatically and maintained at 22 ± 0.6℃ during the experimental period.

Blood samples were collected from the caudal blood vessel complex using heparinized syringes in 1 min without anesthesia. The hematocrit, hemoglobin, and RBC were immediately analyzed with an autohematology analyzer (Excel 500; Danam Electronics, Dallas, TX, USA). The mean corpuscular hemoglobin (MCH) was calculated as MCH = hemoglobin/RBC × 10 (formulation), mean corpuscular hemoglobin concentration (MCHC) was calculated as MCHC = hemoglobin/hematocrit × 10 (formulation), and the mean corpuscular volume (MCV) was calculated as MCV = hematocrit/RBC × 10 (formulation). The blood samples were kept on ice in 1.5 mL polypropylene microcentrifuge tubes for less than 5 min before centrifugation at 13,000 rpm for 5 min. The plasma was then collected and stored in a deep freezer (SW-UF-200; Samwon Freezer Engineering, Busan, Korea) at --80℃ until analysis.

The plasma cortisol concentrations were measured by radioimmunoassay (RIA; [@B15]). Cortisol was determined in 50 μL samples using an RIA kit (Coat-A-Count TKCO Cortisol RIA Kit; DPC, USA). Mixtures of samples in 100 mL of antiserum were incubated for 45 min at 37℃, after which 1,000 mL of separation reagent was added. The mixture was placed in a refrigerator at 4℃ for 15 min and then centrifuged at 1,200 × g for 15 min. The supernatant was assayed for γ-radiation using an automatic γ-counter (Cobra; Packard, USA). Glucose, Na^+^, Cl^--^, K^+^, aspartate aminotransferase (AST), and alanine aminotransferase (ALT) were analyzed using an automatic chemical analyzer (Vitros DT60, Vitros DTE, DTSC Chemistry System; Johnson and Johnson Clinical Diagnostics, New York, NY, USA). Osmolality was analyzed with a micro osmometer (3MO Plus; Advanced Instruments, Norwood, MA, USA).

Protein was analyzed using a Sigma kit (Product code TPO 200, USA), according to the procedures of [@B24] and [@B26]. The RNA/DNA ratio was measured according to the methodology of Schmidt-Thannhauser-Schneider ([@B31]). The experiment was performed in triplicate and the results are reported as means ± standard deviations, unless otherwise stated. The data were analyzed with one-way ANOVA with the SPSS statistical package. The means were compared using Duncan's multiple range test and considered significantly different at *P\<*0.05.

Results {#sec03}
=======

The protein and nucleic acid (total DNA and RNA) contents and the RNA/DNA ratio in the liver tissues of the rock bream,*Oplegnathus fasciatus*, are shown in [Table 1](#T1){ref-type="table"}. The protein content of the starved group was significantly higher than those of the initial and fed groups (*P\<*0.05). The DNA content of the starved group was significantly higher than those of the other groups, whereas the RNA content of the fed group was significantly higher than those of the other groups (*P\<*0.05). The RNA/DNA ratio of the fed group was significantly higher than those of the initial and starved groups (*P\<*0.05).

###### Protein and nucleic acid (total DNA and RNA) contents and RNA/DNA ratios in the liver tissues of the initial, fed, and starved groups of rock bream*, Oplegnathus fasciatus*^\*^

            Protein (mg/g)    DNA (mg/g)      RNA (mg/g)      RNA-DNA ratio
  --------- ----------------- --------------- --------------- ---------------
  Initial   417.7 ± 1.31^a^   0.3 ± 0.05^a^   1.7 ± 0.43^a^   4.87
  Fed       16.1 ± 1.75^a^    0.5 ± 0.03^b^   2.6 ± 0.39^b^   5.50
  Starved   24.2 ± 6.73^b^    0.7 ± 0.06^c^   1.4 ± 0.10^a^   1.94

^\*^Data are means ± SD (*n*= 10 for each group). In each column, means with different lower-case superscript letters are significantly different (Duncan's multiple range test, *P*\< 0.05).

The protein and nucleic acid (total DNA and RNA) contents and the RNA/DNA ratios in the liver tissues of the olive flounder,*Paralichthys olivaceus*, are shown in [Table 2](#T2){ref-type="table"}. The protein content of the starved group was higher than those of the initial and fed groups (*P\<*0.05). The DNA content of the starved group was significantly higher than those of the other groups, whereas the RNA content of the starved group was significantly lower than those of the other groups (*P\<*0.05). The RNA/DNA ratio of the fed group was significantly higher than those of the initial and starved groups (*P\<*0.05).

###### Protein and nucleic acid (total DNA and RNA) contents and RNA/DNA ratios in the liver tissues of the initial, fed, and starved groups of rock bream,*Paralichthys olivaceus*^\*^

            Protein (mg/g)   DNA (mg/g)      RNA (mg/g)      RNA-DNA ratio
  --------- ---------------- --------------- --------------- ---------------
  Initial   3.9 ± 7.92^a^    0.3 ± 0.12^a^   1.8 ± 0.33^a^   6.23
  Fed       38.1 ± 1.22^a^   0.2 ± 0.07^b^   1.8 ± 0.25^b^   9.56
  Starved   45.3 ± 1.28^b^   0.5 ± 0.06^c^   1.5 ± 0.02^a^   3.48

^\*^Data are means ± SD (*n*= 10 for each group). In each column, means with different lower-case superscript letters are significantly different (Duncan's multiple range test, *P*\< 0.05).

The variations in the hematocrit, hemoglobin, RBC, MCH, MCHC, and MCV in the blood of the initial, fed, and starved groups of rock bream are shown in [Table 3](#T3){ref-type="table"}. The hematocrit, hemoglobin, RBC, and MCV of the fed group were significantly higher than those of the initial group (*P\<*0.05), whereas the MCHC of the fed group was significantly lower than that of the initial group (*P\<*0.05). The hematocrit, hemoglobin, RBC, and MCHC of the starved group were significantly lower than that of the initial group, and the MCV of the starved group was significantly higher than those of the initial group (*P\<*0.05). There was no significant difference in the MCH of the fed and starved fish (*P\>*0.05).

###### Blood analysis of the initial, fed, and starved groups of rock bream, *Oplegnathus fasciatus*^\*^

  Group     Hematocrit(%)    Hemoglobin(g/dL)   RBC(Mil/uL)     MCH(pg)          MCHC(g/dL)       MCV(fL)
  --------- ---------------- ------------------ --------------- ---------------- ---------------- ------------------
  Initial   37.1 ± 6.04^b^   7.2 ± 1.00^b^      2.6 ± 0.30^b^   27.8 ± 1.63^a^   19.6 ± 2.00^b^   143.0 ± 15.67^a^
  Fed       52.8 ± 3.98^c^   8.7 ± 1.22^c^      3.0 ± 0.30^c^   29.1 ± 3.77^a^   16.4 ± 1.61^a^   177.2 ± 15.12^c^
  Starved   33.8 ± 6.04^a^   6.1 ± 0.74^a^      2.1 ± 0.27^a^   29.5 ± 2.50^a^   18.5 ± 2.55^a^   161.1 ± 15.66^b^

^\*^Data are means ± SD (*n*= 10 for each group). In each column, means with different lower-case superscript letters are significantly different (Duncan's multiple range test, *P*\< 0.05).

The variations in the osomlality, Cl^--^, K^+^, Na^+^, AST, and ALT levels in the plasmas of the initial, fed, and starved groups of rock bream are shown in [Table 4](#T4){ref-type="table"}. There were no significant differences in the osmolality, Cl^--^, Na^+^, or K^+^ levels of the fed and initial groups (*P\>*0.05); nor were there statistically significant differences in the osmolality, Na^+^, Cl^--^, and K^+^ levels of the starved and initial groups (*P\>*0.05). No significant differences were observed in AST or ALT between the fed and initial groups (*P\>*0.05), whereas only ALT of the starved fish was significantly higher than that of the initial test specimens (*P\<*0.05).

###### Variations in osmolality, Cl^--^, Na^+^, K^+^, AST, and ALT levels in the plasma of the initial, fed, and starved groups of rock bream, *Oplegnathus fasciatus*^\*^

                              Initial group       Fed group          Starved group
  --------------------------- ------------------- ------------------ -----------------
  Osmolality (mOsm/kgH~2~O)   363.6 ± 11.82^ab^   374.0 ± 13.17^b^   349.0 ± 6.00^a^
  Cl^-^(mmol/L)               149.8 ± 3.56^a^     153.0 ± 1.87^a^    150.2 ± 2.77^a^
  K^+^(mmol/L)                3.0 ± 0.58^ab^      2.4 ± 0.26^a^      3.4 ± 0.60^b^
  Na^+^(mmol/L)               178.0 ± 3.32^b^     180.4 ± 3.78^b^    171.2 ± 2.59^a^
  AST (IU/L)                  57.8 ± 32.12^a^     25.0 ± 14.68^a^    78.4 ± 59.44^a^
  ALT (IU/L)                  5.6 ± 3.21^a^       5.3 ± 1.26^ab^     10.2 ± 4.15^b^

^\*^Data are means ± SD (*n*= 10 for each group). In each column, means with different lower-case superscript letters are significantly different (Duncan's multiple range test,*P*\<0.05).

The variations in the plasma glucose and cortisol levels of the initial, fed, and starved rock bream are shown in [Fig. 1](#F1){ref-type="fig"}. There were no significant differences in the cortisol or glucose levels of the fed and initial groups (*P\>*0.05). However, the glucose level of the starved group was significantly lower than that of the initial group (*P\<*0.05), whereas no significant difference was observed in the cortisol levels of the starved and initial groups (*P\>*0.05).

![Variations in cortisol and glucose in the plasma of the initial, fed, and starved groups of rock bream, *Oplegnathus fasciatus*.\
The same letters on the error bars indicate that they are not significantly different (*P \>* 0.05](dr-21-3-249-g1){#F1}

[Fig. 2](#F2){ref-type="fig"} shows the external and internal morphology of the fed and starved olive flounder after the 12-week experimental period. The livers of the fed fish, which were yellowish brown in color, appeared to cover the visceral mass of the abdominal region, whereas deposits of abdominal fat around the livers appeared to suggest fatty liver disease ([Fig. 2a](#F2){ref-type="fig"}). However, the liver color in the starved fish was scarlet and appeared diminished, and the gall bladder was dark green and larger than that in the fed fish ([Fig. 2b](#F2){ref-type="fig"}).

![External and internal morphology of the olive flounder, *Paralichthys olivaceus*: (a) fed and (b) starved for 12 weeks\
Note the enlarged liver of the fed fish (arrowed). Bar is 4 cm.](dr-21-3-249-g2){#F2}

Discussion {#sec04}
==========

[@B20] noted that many fish undergo natural periods of starvation and have consequently evolved the capacity to withstand prolonged food deprivation. Such periods may extend to weeks, months, or even years and may cause extensive loss of energy stores in the body as the fish consumes its own tissues to remain alive ([@B22], [@B23]; Weatherley & Gill, 1987).

In this study, our analysis of the rock bream,*Oplegnathus fasciatus*, and the olive flounder, *Paralichthys olivaceus*, showed that the protein contents of the starved groups increased. This suggests that the accumulation of fat in the livers of the fed fish caused a decline in liver cell content per unit liver weight. Conversely, prolonged food deprivation led to the internal metabolic consumption of the fat from liver tissues. As a result, the cytoplasm in the liver tissue decreased, whereas the liver cell content per unit liver weight increased. The increased DNA contents of the starved fish suggest that the active catabolism of structural materials, like protein, fat, and carbohydrate, reduced the ground substance and cell weight, whereas the liver cell content per unit liver weight increased as the DNA content per unit liver weight increased.

In the starved fish, the RNA content decreased compared with that of the initially tested rock bream and olive flounder. The RNA content of the liver tissue depends on the protein derived from feeding. As a result, feeding without a supply of protein or complete starvation leads to a reduction in the RNA content ([@B5]). [@B6] also reported that reductions in the protein and RNA contents are induced by starvation.

The RNA/DNA ratio in fish tissue is associated with their feeding and growth rates ([@B17]\'; [@B8]). The fed group displayed relatively lower protein and DNA contents, whereas their RNA content and RNA/ DNA ratio were higher than those in the starved group. Based on these results, we conclude than the fed rock bream and olive flounder actively synthesized protein. The analysis of RNA content is a sensitive method for measuring individual growth ([@B10]), whereas the DNA content is fixed and can be characterized by a numerical index ([@B16]). Because the RNA/DNA ratio is not affected by the cell content or cell size in tissues, it is a more appropriate parameter than the RNA content to measure cell growth ([@B17]).

The hematocrit, hemoglobin, and RBC of the starved rock bream increased. These results are similar to those for the European eel, *Anguilla anguilla* ([@B20]). [@B22] reported that the reduced hematocrit during starvation could reduce the production of new RBC. However, our results show that the MCH of the starved rock bream did not differ significantly from that of the initially tested fish. The hematocrit levels increased during starvation in the rainbow trout, *Oncorhynchus mykiss*, and the pick, *Esox lucius* ([@B19]). Hematocrit levels are often elevated during stress to increase the oxygen supply to the major organs in response to the higher metabolic demand ([@B30]). Therefore, differences in the hematocrit levels during stress may be species specific.

The plasma levels of Cl^--^, K^+^, and Na^+^ in the starved rock bream were not significantly different from those in the fed fish, whereas osmolality decreased in the starved fish. Based on these results, we suggest that starvation disturbs the regulation of osmotic pressure. In other words, fish require abundant energy for the maintenance of homeostasis. Therefore, when the energy available to regulate osmotic pressure decreases, the regulation of osmotic pressure is disrupted.

Glucose formation increased simultaneously with increased quantities of cortisol. Elevated cortisol secretion under stress increases the activation of plasma glucose by increasing gluconeogenetic enzyme activity, which is induced by the first stress reaction (as a response to hormone) ([@B2]). The starved group exhibited increased levels of cortisol, although the difference was not statistically significant. However, glucose decreased in the starved group, which suggests that the response to the hormone is abolished by long-term starvation (*P\<*0.05)*.*

Although the AST and ALT levels in the starved group increased, the difference for AST was not significant. AST and ALT are aminotransferases that occur in organs such as the liver and spleen, displaying low activity when fish are in good condition. However, their activity increases when the cells die from disease or unknown causes. We suggest that the increased AST and ALT levels of the starved fish relative to those of the initial group are attributable to physiological changes in organs such as the liver and spleen.

These experiments were undertaken to investigate physiology responses and DNA and RNA contents in the rock bream and olive flounder during starvation and feeding and to ascertain their growth and nutrition status. These experiments also provide information that should be useful for the aquaculture of both species.
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